A new synthetic route to (±)-aspidospermidine was devised, starting from the cycloadduct of 3-ethyl-5-bromo-2-pyrone with vinyl sulfide through a tandem conjugate addition-alkylation sequence. The requisite 3-ethyl-5-bromo-2-pyrone was prepared via the C3-selective Pd-catalyzed coupling reaction with Et3Al-dimethylaminoethanol complex.
Introduction
As a part of our ongoing research program on 3,5-dibromo-2-pyrone and its derivatives as novel enophile synthons, we have explored the potential utility of the resultant densely functionalized cycloadducts in the target-oriented synthesis.
1 Such endeavors have resulted in the successful total synthesis of several bioactive alkaloid natural products including trans-dihydronarciclasine, 1e joubertinamine, 1f crinine, 1c crinamine 1d and galanthamine. Bearing a pentacyclic ABCDE framework in common, the aspidosperma alkaloid comprises one of the largest groups of indole alkaloids with more than 250 members (Figure 1 ). The unique molecular architecture and a vast array of important biological activities featured by many of its members have led to intense investigation over the years. Aspidospermidine 1, the parent compound of this alkaloid family, 2 has received the most attention and driven the development of many efficient and elegant synthetic methods and strategies. 3 We have previously demonstrated that the key pentacyclic framework of the aspidosperma alkaloid could be readily forged from the cycloadduct of 3-aryl-5-bromo-2-pyrone. 1a In this report, the rings D and E, in particular, were constructed by the intramolecular imino Diels-Alder reaction of the appropriately functionalized cyclohexenone precursor. Alternatively, the same ring system could be assembled by a tandem conjugate addition-alkylation sequence. Inspired by this envision, we decided to study the tandem reaction and subsequently the total synthesis of aspidospermidine.
Results and Discussion
Our synthetic study of (±)-aspidospermidine 1 was conceived by the retrosynthesis illustrated in Scheme 1. The initial disconnection of the indoline unit led to ketone 5, identical to the Stork's approach and others, 4 with respect to the employment of the Fischer synthesis for its assembly. For the construction of the D and E rings, we adopted the tandem conjugation-alkylation strategy reported by Marino and coworkers, 3f in our case, retrosynthetically translated to the cyclohexenone 6 bearing all necessary functional groups. The final and key elaboration called for bicyclolactone 8, the Diels-Alder adduct of 2-pyrone 9a and phenyl vinyl sulfide.
We found this route particularly appealing because it allows the late stage variation of aromatic ring system via the use of our modified Fischer cyclization protocol (Scheme 2).
5 The starting N-Boc-aryl hydrazines 13 are conveniently prepared from t-butyl carbazate 12 and aryl halides 11 under Pd or Cu(I)-catalysis to warrant the structural and functional diversity of the indoline aryl unit. 6 The synthesis commenced with the Pd-catalyzed incorporation of ethyl group onto the C3 position of 3,5-dibromo-2-pyrone 10. 7 The use of Et 3 Al-dimethylaminoethanol complex gave the best results in terms of yield and selectivity (entry 1, Table 1 ).
Other less successful trials are also listed in the Table for a comparison. Upon securing multi-gram quantity of the 2-pyrone 9a, we conducted the Diels-Alder reaction with phenyl vinyl sulfide which gave bicyclolactone 8 as a mixture of endo/exo isomers (3:2, 68% combined yield, Scheme 3). Much similar to the cycloaddition reactions of other C3-substituted-2-pyrones, the ethyl group at C3 position is presumed to destabilize otherwise favored endo-transition state, resulting in moderate endo/exo selectivity. 9 Although both isomers are tactically equivalent (phenylthio group is removed later in the sequence, 17 → 18), the endoand exo-cycloadducts were separated and carried individually through the reaction sequence for the handiness in the spectroscopic characterizations (only the reactions with endo-isomer is shown).
10
Lactone opening of the bicyclolactone and protection of the resultant hydroxyl group as a TBS ether afforded 16 in good overall yield. The methyl ester was reduced to give alcohol 17, prior to the reductive removal of both vinyl bromide and phenylthio groups with Raney Nickel, to obtain cyclohexene 18. DessMartin oxidation to aldehyde 19 followed by the Wittig olefination with phosphonate 20 gave ethyl enoate 21. Selective conjugate reduction of the enoate double bond afforded ester 22 along with inseparable over-reduced product in the ratio of 6 to 1 (see supporting information for details). Removal of the TBS protecting group allowed the separation, providing pure alcohol 23 in 65% yield over 2 steps. Oxidation of the allylic alcohol to 11 in good overall yield. Formation of acid chloride followed by the coupling reaction with chloroethylamine furnished amide 6 in 63% yield. When treated with NaH in DMF, enone 6 readily proceeded the tandem conjugate addition-alkylation cascade to give the tricyclic ketone 26 in 60% yield. Its amide group was then reduced to produce ketone 5 by following the known three-step reaction sequence involving ketalization, amide reduction and ketal unmasking.
12
With sufficient quantity of ketone 5 in hand, we investigated the Fischer cyclization reaction with N-Boc-phenyl hydrazine 13a (Scheme 4). When heated in EtOH with TsOH, ketone 5 provided the imine 14a. Subsequent reduction with LiAlH4 afforded aspidospermidine 1 in 45% overall yield from 5.
In summary, we have devised a new synthetic route to (±)-aspidospermidine from 3,5-dibromo-2-pyrone, via the regioselective synthesis of 3-ethyl-5-bromo-2-pyrone and its DielsAlder cycloaddition. Although the overall sequence may not be as efficient as others, we have demonstrated our Fischer cyclization protocol with aryl hydrazide could be highly effective in the generation of its congeners and various other analogs.
Experimentals
All information regarding experimental procedures and spectroscopic data is available in the supporting information.
(±)-Aspidospermidine (1).
1
H NMR (400 MHz, CDCl 3 ) δ 7.08 (d, J = 6.8 Hz, 1H), 7.01 (t, J = 7.2 Hz, 1H), 6.72 (t, J = 7.2 Hz, 1H), 6.63 (d, J = 7.6 Hz, 1H), 3.51 (dd, J = 10.8, 6.4 Hz, 1H), 1H) 5, 135.8, 127.1, 122.9, 119.1, 110.4, 71.4, 65.8, 54.0, 53.4, 53.1, 38.9, 35.7, 34.6, 30.1, 28.2, 23.1, 21.8, 6.9. 
